Effect of errors in spectrophotometry due to fluorescence on the ability to calculate colors by the Neugebauer equations by Iwao, Junichi
Rochester Institute of Technology
RIT Scholar Works
Theses Thesis/Dissertation Collections
6-1-1973
Effect of errors in spectrophotometry due to
fluorescence on the ability to calculate colors by the
Neugebauer equations
Junichi Iwao
Follow this and additional works at: http://scholarworks.rit.edu/theses
This Thesis is brought to you for free and open access by the Thesis/Dissertation Collections at RIT Scholar Works. It has been accepted for inclusion
in Theses by an authorized administrator of RIT Scholar Works. For more information, please contact ritscholarworks@rit.edu.
Recommended Citation
Iwao, Junichi, "Effect of errors in spectrophotometry due to fluorescence on the ability to calculate colors by the Neugebauer
equations" (1973). Thesis. Rochester Institute of Technology. Accessed from
EFFECT OF ERRORS IN SPECTROPHOTOMETRY DUE TO FLUORESCENCE ON
THE ABILITY TO CALCULATE COLORS BY THE NEUGEBAUER EQUATIONS
by
Junichi Iwao
A thesis submitted in partial fulfillment of the
requirements for the degree of Master of Science in the
School of Printing in the College of Graphic Arts and Photography
of the Rochester Institute of Technology
June, 1973
Thesis adviser: Milton Pearson
G*
y
./>
School of Printing
Rochester Institute of Technology
Rochester, New York
CERTIFICATE OF APPROVAL
MASTER'S THESIS
This is to certify that the Master's Thesis of
Junichi Iwao
name of student
with a major in Printing Technology
has been approved by the Thesis Committee as
satisfactory for the thesis requirement for the
Master of Science degree at the convocation of
June, 1973
date
Thesis Committee:
Thesis adviser
Graduate adviser
Director or designate
ACKNOWLEDGMENT
I wish to thank my thesis adviser, Mr. Milton Pearson, for his
assistance in the preparation of various instruments required in my
study. Without his help and suggestions, this study could not have
been completed.
I would like to express my appreciation to Mr. Pobboravsky who
suggested this topic of study initially and rendered his valuable
time in a thorough explanation of the subject matter.
I would also like to thank Miss Pat Frost of the Reading and Study
Clinic for her valuable assistance in the correction of my English
to comply with the requirement of the thesis format .
My appreciation is also extended to Dr. Mark Guldin, Director of
the School of Printing, and Dr. Robert Hacker, Coordinator of the
Graduate Program.
11
TABLE OF CONTENTS
CHAPTER ONE . INTRODUCTION 1
Statement of the Problem 1
The Experimental Model . 2
Objective 3
Footnotes for Chapter One 4
CHAPTER TWO. PREVIOUS INVESTIGATION 5
Footnotes for Chapter Two 7
CHAPTER THREE . METHODOLOGY 8
The Ins trument 8
The Samples 8
Hypothesis 11
Procedures of the Experiment 12
Footnotes for Chapter Three , 14
CHAPTER FOUR . FINDINGS AND CONCLUSION 15
Footnotes for Chapter Four 39
CHAPTER FIVE . SUGGESTIONS FOR FURTHER WORK 40
BIBLIOGRAPHY 42
iii
APPENDIX A The D5000 Simulator 44
Footnotes for Appendix A 66
APPENDIX B Fading Characteristics of the Samples 67
APPENDIX C Regression Analysis for A E 70
APPENDIX D CIE 1960 UCS Chromaticity Coordinates of the
Neugebauer Primaries 84
APPENDIX E The Samples 91
iv
LIST OF TABLES
Table
1. The Constituent of "G" Set Ink 11
2. A E of Neugebauer Primaries, Mean Values, and Standard
Deviation of 125 Combinations of Dot Areas ("G" Set Ink
on Mitsubishi Paper) * --"
3. AE of Neugebauer Primaries, Mean Values, and Standard
Deviation of 125 Combinations of Dot Areas (Mixed Ink
Set on Mitsubishi Paper) 1-
4 . A E of Neugebauer Primaries , Mean Values , and Standard
Deviation of 125 Combinations of Dot Areas (Fluorescent
Ink Set on Mitsubishi Paper) 18
5 . A E of Neugebauer Primaries , Mean Values , and Standard
Deviation of 125 Combinations of Dot Areas ("G" Set Ink
on N.K. Paper) 19
6. AE of Neugebauer Primaries, Mean Values, and Standard
Deviation of 125 Combinations of Dot Areas (Mixed Ink
Set on N .K. Paper) 20
7. 5E of Neugebauer Primaries, Mean Values, and Standard
Deviation of 125 Combinations of Dot Areas (Fluorescent
Ink Set on N.K. Paper) 21
8. Summary Table of A E (Average Mean Values and Standard
Deviations Computed from Four Sets of Results) 22
9. Summary ANOVA Table of Fluorescence in Paper 27
10. Colorimetric Properties of Bare Xenon Sources 48
11. CIE 1960 UCS Chromaticity Coordinates of Color Rendering
Objects (CIE Color Rendering Objects) 54
12. CIE 1960 UCS Chromaticity Coordinates of Color Rendering
Objects (Neugebauer Primaries) 54
13. Comparison Between the D5000 and D5000 Simulator 63
Table
14. Regression Coefficient for the First Degree Model
("G" Set Ink on Mitsubishi Paper) 72
15. Regression Coefficient for the First Degree Model
("G" Ink Set on Mitsubishi Paper) 73
16. Regression Coefficient for the First Degree Model
(Fluorescent Ink Set on Mitsubishi Paper) 74
17. Regression Coefficient for the First Degree Model
("G" Set Ink on N.K. Paper) 75
18. Regression Coefficient for the First Degree Model
(Mixed Ink Set on N.K. Paper) '. 76
19 . Regression Coefficient for the First Degree Model
(Fluorescent Ink Set on N.K. Paper) 77
20. Regression Coefficient for the Second Degree Model
("G" Set Ink on Mitsubishi Paper) 78
21. Regression Coefficient for the Second Degree Model
(Mixed Ink Set on Mitsubishi Paper) 79
22. Regression Coefficient for the Second Degree Model
(Fluorescent Ink Set on Mitsubishi Paper) 80
23. Regression Coefficient for the Second Degree Model
("G" Set Ink on N.K. Paper) 81
24. Regression Coefficient for the Second Degree Model
(Mixed Ink Set on N .K. Paper) 82
25. Regression Coefficient for the Second Degree Model
(Fluorescent Ink Set on N.K. Paper) 83
26. CIE 1960 UCS Chromaticity Coordinates of the Neugebauer
Primaries ("G" Set Ink on Mitsubishi Paper) 85
27- CIE 1960 UCS Chromaticity Coordinates of the Neugebauer
Primaries (Mixed Ink Set on Mitsubishi Paper) 86
28. CIE 1960 UCS Chromaticity Coordinates of the Neugebauer
Primaries (Fluorescent Ink Set on Mitsubishi Paper) 87
29. CIE 1960 UCS Chromaticity Coordinates of the Neugebauer
Primaries ("G" Set Ink on N.K. Paper) 88
vi
Table
30. CIE 1960 UCS Chromaticity Coordinates of the Neugebauer
Primaries (Mixed Ink Set on N.K. Paper) 89
31. CIE 1960 UCS Chromaticity Coordinates of the Neugebauer
Primaries (Fluorescent Ink Set on N.K. Paper) 90
vii
LIST OF FIGURES
Figure
1. Optical Diagram for Monochromatic Illumination 9
2. Optical Diagram for White-light Illumination 10
3. Spectrophotometric Curves of Mitsubishi Paper Measured
by Two Modes of Illumination 28
4. Spectrophotometric Curves of N.K. Paper Measured by
Two Modes of Illumination 29
5. CIE 1960 UCS Chromaticity Coordinates of the Neugebauer
Primaries ("G" Set Ink on Mitsubishi Paper) 31
6. CIE 1960 UCS Chromaticity Coordinates of the Neugebauer
Primaries (Mixed Ink on Mitsubishi Paper) 32
7. CIE 1960 UCS Chromaticity Coordinates of the Neugebauer
Primaries (Fluorescent Ink Set on Mitsubishi Paper).... 33
8. CIE 1960 UCS Chromaticity Coordinates of the Neugebauer
Primaries ("G" Set Ink on N.K. Paper) 34
9. CIE 1960 UCS Chromaticity Coordinates of the Neugebauer
Primaries (Mixed Ink on N .K. Paper) 35
10. CIE 1960 UCS Chromaticity Coordinates of the Neugebauer
Primaries (Fluorescent Ink Set on N.K. Paper) 36
11. Required Filter Transmission Characteristics to
Convert a Xenon Lamp to D5000 47
12. Energy Distributions of Different Xenon Lamps 49
13. CIE 1960 UCS Chromaticity Coordinates of CIE Color
Rendering Objects and the Neugebauer Primaries 55
14. Transmission Characteristics of the Corning 3718 Filter
by Two Modes of Illumination 59
viii
Figure
15. Transmission Characteristics of the Corning 3718 Filter
Determined from the Energy Mode and the Transmission
Mode 62
16. Spectral Energy Distributions of the D5000 and D5000
Simulator 65
17- The Change in Spectrophotometric Curves of the
Fluorescent Sample Due to Ten Minutes Irradiation
by the D5000 Simulator 69
ix
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by
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ABSTRACT
Spectrophotometers were originally designed without taking into
account the fluorescent effect of papers and inks on spectrophotometric
measurements. Monochromatic illumination is used in most of the avail
able spectrophotometers, but the spectrophotometric curve measured by
using monochromatic light does not approximate the same effect that is
seen by the eye if fluorescence is present. White light illumination must
be used to obtain a valid spectrophotometric curve of fluorescent
materials .
The Neugebauer equations are often used to calculate the tristimulus
values of halftone prints. As long as the Neugebauer primaries do
not fluoresce, measurements of primaries made by monochromatic illum
ination are valid. However, if the Neugebauer primaries fluoresce,
these primaries have to be measured by white light illumination. If an
appropriate measurement is not used to determine the tristimulus values
of the Neugebauer primaries for fluorescent materials, errors are
introduced in the results as calculated by these equations. The magni
tude of these errors is the problem under investigation in this paper.
An experimental model was established using the Neugebauer equations.
The Neugebauer primaries were measured by both monochromatic and white
light. Colors of 125 combinations of percent dot areas were calculated
by the Neugebauer equations. The color differences in the calculations
based on two modes of illumination were expressed in terms of A E,
using the (U',V',W') system.
AE of about 1.5 were computed for the ordinary non-fluorescent
ink samples, and A E of about 12 was computed for the fluorescent ink
samples. These values are based on the average color differences of
the 125 colors calculated.
Abstract approved: , thesis adviser
, title and department
, date
Chapter One
INTRODUCTION
Statement of the Problem
It is widely known that most papers and inks contain some fluore
scent material. In obtaining spectrophotometric data of these materials,
most spectrophotometers use monochromatic illumination. However, if
fluorescent materials are present , the spectrophotometric curve mea
sured by monochromatic illumination does not approximate what the eye
sees .
The spectrophotometric curve is obtained by taking a ratio between
the light reflected or transmitted from the specimen and a white stan
dard. Monochromatic measurement means the specimen is irradiated by
monochromatic light. If a light of a certain wavelength falls on a
fluorescent specimen, some is transmitted or reflected, and some
absorbed. The absorbed components are not all lost, because some are
changed to radiation of a longer wavelength and re-emitted.
2 3 4
The Neugebauer equations '
*
are often used in calculating the
tristimulus values of halftone prints. If the Neugebauer primaries
do not fluoresce, the tristimulus values of these primaries determined
by monochromatic illumination is valid. However, if the Neugebauer
primaries fluoresce, white light illumination has to be used to get
valid spectrophotometric data. In addition, the type of white light
used has to be specified, because the effect of fluorescence depends
on the energy distribution of the light source.
The Experimental Model
If all the possible colors for a given ink set are measured by the
two modes of illumination and the colorimetric values for these two
modes of measurement are calculated, it is possible to determine how
much color difference exists between the measurements. However, this
approach is time consuming, because it necessitates the preparation of
many samples that have to be printed and measured for all possible dot
area combinations.
To avoid this time consuming procedure, a theoretical model was
established for this experiment. The Neugebauer equations and a
uniform color system were the bases for this model. The Neugebauer
equations are the set of equations that predict the CIE tristimulus
values of the halftone prints for given dot areas from the tristimulus
values of the Neugebauer primaries. Thus all the possible color com
binations can be calculated by the Neugebauer equations.
A widely used color system is the CIE chromaticity diagram , which
is directly calculated from the spectrophotometric curves. Equal spacing
in this color system, however, does not represent equal visual differ
ence. Several attempts have been made to modify the CIE color system
to obtain a more refined and uniform visual system. However, despite
these attempts, no perfect uniform system is available today. MacAdam
developed a color system to minimize this defect, which was adapted
as the 1960 CIE Uniform-Chromaticity-Scale (UCS) diagram , based on
the linear transformation of the CIE system. This system, however,
does not take into account the illuminant factor. A three dimensional
color system must be used to determine the total color difference, so
the UCS units was not suitable for this experiment. Another system,
called the (U',V',W') system, takes into account the illuminant
factor, and was considered to be suitable for this experiment.
With this model, the colors were calculated by the Neugebauer
equations, and the differences between the two modes of illumination
Q
were expressed in terms of the 1964 CIE AE using the (U'.V'jW1) sys
tem.
Objective
The aim of this investigation was to determine how much errors
would be introduced in calculations made by the Neugebauer equations
if Neugebauer primaries used in these equations fluoresced. If this
error is significant, then in order to obtain valid spectrophotometric
data, the spectrophotometer with white light illumination would have
to be employed despite the extra cost and preparation time involved.
However, if there were no difference between these two measure
ments, the auxiliary efforts to install the equipment to make the
white light measurement could be disregarded.
The experiment cannot identify the actual difference between the
measurements for certain specific industrial applications, but the
results can inform persons in the graphic arts industry that there
is an error in spectrophotometry if fluorescence is present in papers
and inks .
FOOTNOTES FOR CHAPTER ONE
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3. R.W.G. Hunt, The Reproduction of Color, (London: Fountain Press,
1967), pp. 144-145.
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Wiley and Sons, Inc., 1967), pp. 260-266.
5. W.D. Wright, Measurement of Color, (New York: MacMillan Co.,
), pp. 96-127-
6. Ibid., pp. 189-192.
1 . R. Hioki and M. Sato, "Proposal for a Modification of the
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(June, 1967), pp. 840-841.
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of the Commission Internationale de l'Eclairage," Journal of
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CHAPTER TWO
PREVIOUS INVESTIGATION
Many scientists have investigated the fluorescent phenomenon from
the physical and chemical view point. For example, Fluorescence: Theory ,
Instrumentation, and Practice by G.G. Guilbault, is an expansion of
the papers presented at a symposium by the Analytical Division of the
2
American Chemical Society; Fluorescence and Phosphorescence Analysis
by David M. Hercules, describes principles and applications of fluori-
3
metry and organic chemistry; and Fluorochemis try by Jack DeMent is a
comprehensive study embracing the theory and application of lumine
scence and radiation in physico-chemical science. All of these studies
deal with physical and chemical characteristics of fluorescence such as
molecular motion and chemical reaction.
A search of available literature and discussion with knowledgeable
persons indicate that research previously undertaken in measurements
of fluorescent ink samples is scarce. This lack of interest in the
subject probably results from a lack of awareness on the part of
persons in the industry that fluorescent material has to be measured
differently. It may also derive from the wide use of spectrophotometers
which use only monochromatic light. One of the articles written on
this subject is "Effect of Illuminant and Fluorescence in Paper
4
Stock on Color Reproduction." In this work, both monochromatic and
white light measurement were used to investigate the effects on color
reproduction of a fluorescent brightening agent in paper. This
study revealed that a difference in color, by two modes of illumi
nation, is detectible if fluorescence is present. Based on this
work, the present investigation was undertaken to determine if a
difference would be found by using two modes of illumination if
the Neugebauer primaries fluoresce.
FOOTNOTES FOR CHAPTER TWO
1. G.G. Guilbault, Fluorescence: Theory, Instrumentation, and Practices,
(New York: Marcel Dekker, Inc., 1967).
2. D.M. Hercules, Fluorescence and Phosphorescence Analysis, (New York:
Interscience Publisher, 1949).
3. J.D. Ment. Fluorochemis try , (New York: Chemiqal Publishing Company,
Inc. , 1945).
4. F. Gram and F. Clapper, "Effect of Illuminant and Fluorescence in
Paper Stock on Color Reproduction", TAPPI, Vol. 52, No. 7, (July,
1969), pp. 1352-1355.
CHAPTER THREE
METHODOLOGY
The Instrument
The Beckman DK-2 spectrophotometer was used in this experiment.
The layout of the Beckman DK-2 spectrophotometer in both modes of il
lumination is shown in Figure 1 and Figure 2.
The Samples
The eight Neugebauer primaries (cyan, magenta, yellow, red, blue,
green, black, and white) were prepared on two different papers.
Paper manufacturers usually put a fluorescent brightening agent
into paper to overcome the paper's natural yellowish cast. In practice,
most of the commercially available papers contain some fluorescent ma
terial except for that used in food packaging.
In order to conduct this experiment , it was necessary to use
papers that contained different amounts of fluorescent material. The
papers , one of which is manufactured by Mitsubishi Paper Manufacturing
Ltd., and the other by Nihon Kako Paper Manufacturing Ltd., were
available at the time of the experiment and satisfied the requirements
for high fluorescence and low fluorescence.
Under an ultra-biolet source , Mitsubishi paper exhibited the fluo
rescent effect significantly, but N.K. paper did not. Mitsubishi paper
was judged to contain significant fluorescent material, and be a typical
of papers containing fluorescent brighteners .
M n
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1. oscillating mirror
2 . sample beam mirror
3. reference beam mirror
4. integrating sphere
5. entrance ports
6 . exit ports
7. integrating sphere opening
8. detector
Figure 1. Optical Diagram for Monochromatic Illumination
(Reproduced with permission from Beckman Instrument,
Inc., Beckman Instructions 1220-B. Copyright 1962).
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1. source
2. source mirror
3. integrating sphere opening
4 . integrating sphere
5 . exit ports
6 . entrance ports
7 - reference beam mirror
8. sample beam mirror
9. oscillating mirror
10. detector
Figure 2. Optical Diagram for White Light Illmination
(Reproduced with permission from Beckman Instrument,
Inc-. , Beckman Instructions 1220-B. Copyright 1962) .
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Three kinds of ink sets, each containing different amounts of
fluorescent material were prepared for the experiment: one was the
usual ink set, called
"G"
set ink. The "G" set ink contains some
fluorescent material, but it is sold as a non-fluorescent ink set.
The second was a fluorescent ink, called "Lumina." Both types of inks
are manufactured by Toyo Ink Manufacturing Co. in Tokyo. The third
type of ink used was a one to one mixture of the first two.
The constituents of "G" set ink are shown in Table 1.
Table 1. The Constituents of "G" Set Ink
Color Name of Pigments Color Index
Cyan Phthalocyamine Blue
Magenta Carmine 6B
Yellow Benzidine Yellow
C.I. Pigment Blue 3
C.I. Pigment Red 5
C.I. Pigment Yellow 14
The constituents of the
"Lumina" ink set could not be obtained,
because the manufacturer would not release the data.
Therefore, six sets of Neugebauer primaries were printed by using
three sets of inks and two sets of papers. These samples were printed
in the following order: magenta, cyan, yellow.
Hypothesis
If the samples do not contain any fluorescent material at all,
both modes of measurements should give the same result . If the color
errors between the two sets of calculations using the Neugebauer
12
equations are significant, then it was hypothesized that white light
illumination has to be used to measure the Neugebauer primaries .
Procedures of the Experiment
a. Measure the Neugebauer Primaries (8 samples) on the spectro
photometer in two ways .
(1) White light illumination Rk
(2) Monochromatic light R'k
b. Compute the tristimulus values X , Ym, Z and X , Y , Z ofr m' m w w w
the eight primaries by weighted ordinate method by using Graphic Arts
D5000 Source. (See Appendix A for explanation of the D5000 simulator.)
"30 H9<J
X = RK EN xv d\ X
w 1_. m ,ma380
.13o
= [r'xEk xk d\
130
Y = I Rx EK yx d\ Y = fR'K Ek yx dX
130 13a
zw = JRx ek K dK zm = Jk
y3~o 3*
X EK ZK d>-
Rx : Relative spectral radiance of the object.
E\ : Relative spectral energy distribution of the D5000.
xx Yx > Zk : CIE 1931 color mixture functions
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c. Using these tristimulus values for the Neugebauer eight
primaries and arbitrary dot areas (0%, 25%, 50%, 75%, 100%) for cyan,
magenta, and yellow; calculate the tristimulus values for all possible
combinations of the dot areas by the modified Neugebauer equations .
These equations are;
X
w
8 X
f.x .
n
x
X
m
n.a "x
Z f.x .
T=r i mi
"y
w
A f.Y .
-., 1 wi
n.
m
8 n
z f.Y . y
i mi
n_
w
Z f.z .
E=( 1 Wl
n.
m
Z f.z
t., i ml
n
where
n
x
n
.
n
2.05
2.00
1.80
d. Compute (Uw', Vw', Ww') and (Um' , Vm' , Wffi') using uQ
=
.2091
v = .3254 for D5000 illuminant.
o
e. Compute the total color difference by the following equations,
-2A E = [(U ' - U + (V ' - V ') + (W' - W ')'']w m' vw m w mJ
2-1/2
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FOOTNOTES FOR CHAPTER THREE
1. A.S. Hardy, Handbook of Colorimetry, (Cambridge, Mass.: The
Technology Press, 1966), pp. 32-34.
2. Private Communication with Pobboravsky and Pearson. These n-
values are interim, and may be modified with future work.
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CHAPTER FOUR
FINDINGS AND CONCLUSION
Both modes of measurements were made twice . Monochromatic measure
ments were run on April 11, 1972 and August 17, 1972. White light mea
surements were run on August 2, 1972 and August 16, 1972. Four sets
of results were derived from the measurements. The difference in date
of measurements, however, was not significant.
For each of the three inks, five different levels of dot percent
age area were used (0%, 25%, 50%, 75%, 100%). So the total of
53
= 125
combinations were calculated for each sample. A-E values of the mean
and the standard deviation of 125 combinations of dot areas, and AE
values of each set of Neugebauer primaries are shown in Table 2 to
Table 7. Table 8 summarizes the results. It shows the average AE
values for the mean, and the standard deviation of 125 combinations
of dot areas, each computed from the four sets of results referred to
above .
One unit A E of the (U*,V*,W*) system is equivalent to one NBS
(National Bureau of Standards) unit . In this experiment, the modified
(U*,V*,W*) system, which is the (U',V',W') system, was used. So one
unit A.E of this system is approximately the same as one unit of NBS.
Individuals can discriminate 1/5 to 1/10 NBS unit, but usually a 1/2
NBS difference is considered to be the same, because 1/10 to 1/5 NBS
Table 2. AE of Neugebauer Primaries and the Mean Value and the
Standard Deviation of 125 Combinations of Dot Areas.
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Ink and Paper Mitsubishi Paper & "G" Set Ink
Date of Monochromatic
Measurement - 4/11/72 4/11/72 8/17/72 8/17/72
Date of White Light
Measurement 8/02/72 8/16/72 8/02/72 8/16/72
White .42 .19 .61 .56
Cyan 2.29 2.06 .87 .76
Magenta 5.84 6.47 2.09 1.86
Yellow .84 .93 .85 1.10
Magenta & Yellow 2.19 1.89 1.76 1.36
Cyan & Yellow 1.84 1.72 2.03 1.74
Cyan & Magenta 1.39 1.48 .96 1.31
Cyan, Magenta & Yellow 2.41 1.65 2.18 1.27
Mean (n* =125) 1.77 1.63 1.31 1.14
Standard Deviation 1.00 1.09 .40 .24
* This n (in Tables 2 through 7) stands for the number of observations,
and should not be confused with n values for the modified Neugebauer
equations .
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Table 3. AE of Neugebauer Primaries and the Mean Value and the
Standard Deviation of 125 Combinations of Dot Areas
Ink & Paper Mitsubishi Paper & Mixed Ink Set
Date of Monochromatic
Measurement 4/11/72 4/11/72 8/17/72 8/17/72
Date of White Light
Measurement - 8/02/72 8/16/72 8/02/72 8/16/72
White .37 .39 .82. .57
Cyan 1.04 .82 1.32 1.78
Magenta 13.90 25.43 15.63 14.98
Yellow 4.10 3.77 4.20 3.95
Magenta & Yellow 13.43 13.38 16.04 16.05
Cyan & Yellow 4.02 .88 .50 3.50
Cyan & Magenta 4.43 3.94 4.31 3.84
Cyan, Magenta & Yellow 5.00 4.87 4.98 4.85
Mean (n* = 125) 4.79 5.91 5.11 4.99
Standard Deviation 3.41 5.10 3.82 3.72
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Table 4. A E of Neugebauer Primaries and the Mean Value and the
Standard Deviation of 125 Combinations of Dot Areas
Ink & Paper Mitsubishi Paper & Fluorescent Ink Set
Date of Monochromatic
Measurement - 4/11/72 4/11/72 8/17/72 8/17/72
Date of White Light
Measurement - 8/02/72 8/16/72 8/02/72 8/16/72
White .25 .15 .58 .54
Cyan 1.67 2.13 1.42 1.72
Magenta 30.81 31.28 38.19 38.76
Yellow 12.54 12.39 12.73 12.58
Magenta & Yellow 31.73 32.25 40.56 41.11
Cyan & Yellow 10.97 10.40 11.43 10.88
Cyan & Magenta 8.92 9.60 10.22 10.73
Cyan, Magenta & Yellow 9.66 9.82 9.87 9.98
Mean (n* = 125) 11.10 11.24 12.68 12.82
Standard Deviation 7.51 7.66 9.49 9.66
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Table 5. A E of Neugebauer Primaries and the Mean Value and the
Standard Deviation of 125 Combinations of Dot Areas
Ink & Paper N.K. Paper & "G" Set Ink
Date of Monochromatic
Measurement - 4/11/72 4/11/72 8/17/72 8/17/72
Date of White Light
Measurement 8/02/72 8/16/72 8/02/72 8/16/72
White .26 .32 .69
Cyan 1.71 2.17 1.24 1.51
Magenta 2.27 2.88 2.19 2.39
Yellow 1.10 .99 1.39 1.42
Magenta & Yellow 1.18 1.28 1.93 1.50
Cyan & Yellow 1.71 .93 2.14 1.43
Cyan & Magenta 1.73 .92 5.21 5.10
Cyan, Magenta & Yellow 2.18 2.00 2.81 2.93
Mean (n* = 125) 1.23 1.21 1.70 1.67
Standard Deviation .50 .50 .78 .74
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Table 6. L\ E of Neugebauer Primaries and the Mean Value and the
Standard Deviation of 125 Combinations of Dot Areas
Ink & Paper
Date of Monochromatic
Measurement
Date of White Light
Measurement
N.K. Paper & Mixed Ink Set
4/11/72 4/11/72 8/17/72 8/17/72
8/02/72 8/16/72 8/02/72 8/16/72
White .44 .43 .49 .49
Cyan 1.31 .71 1.37 .86
Magenta 10.12 10.32 14.43 14.58
Yellow 3.70 3.43 4.07 3.86
Magenta & Yellow 11.34 11.18 16.83 16.61
Cyan & Yellow 5.33 4.11 6.00 4.91
Cyan & Magenta 3.56 3.20 11.16 10.88
Cyan, Magenta & Yellow 3.50 3.83 4.28 4.77
Mean (n* = 125) 3.99 3.91 5.46 5.39
Standard Deviation 2.47 2.54 3.81 3.86
Table 7. AE of Neugebauer Primaries and the Mean Value and the
Standard Deviation of 125 Combinations of Dot Areas
21
Ink & Paper
Date of Monochromatic
Measurement -
Date of White Light
Measurement
N.K. Paper & Fluorescent Ink Set
4/11/72 4/11/72 8/17/72 8/17/72
8/02/72 8/16/72 8/02/72 8/16/72
White .17 .31 .58 .64
Cyan 3.11 1.89 3.24 2.99
Magenta 32.15 30.84 42.37 41.03
Yellow 13.79 13.12 13.79 10.07
Magenta & Yellow 28.83 30.21 39.20 40.23
Cyan & Yellow 12.32 10.01 10.71 8.46
Cyan & Magenta 9.08 8.52 8.85 8.35
Cyan, Magenta & Yellow 9.79 8.90 10.38 9.83
Mean (n* = 125) 11.35 10.95 12.96 12.70
Standard Deviation 7.09 7.33 9.85 9.98
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difference in saturation and 1/2 NBS unit difference in chroma is
detectable. In practice, one unit of NBS is considered to be a just
noticeable difference in color. However, in some cases, people cannot
2
discriminate any difference even if there is a 2 to 3 NBS difference.
The most important figures in this experiment were the mean values
of 125 combinations A E of different percent dot area, because these
figures were used to decide whether the two modes of illumination could
be considered the same or not.
White light measurement is necessary to get valid spectrophoto
metric data when a fluorescent ink sample is measured. But when ord
inary experimental accuracy is required, white light measurement is
unnecessary as long as non-fluorescent ink sets are measured. This
conclusion is based on the average of 125 combinations of different
percent dot areas. So if a solid ink patch is measured for some special
purpose, this may not hold true, because there is more than one unit
difference in some of the Neugebauer eight primaries printed by ord
inary ink sets .
Several things are derived from the A. E values of the measured
Neugebauer primaries. The order of printing becomes very important,
because each ink layer acts as a filter. Magenta is printed first,
cyan next, and yellow is printed last.
For single color, magenta ink patches have the largest AE values
in all combination of papers and inks. Yellow ink patches indicate
1/2 to 1/3 A E value of magenta patches.
Fluorescent cyan ink patches do not exhibit the fluorescent ef
fect significantly. All cyan ink patches show AE values between
24
0.8 and 3.0. It is suspected that making a fluorescent cyan ink is
very difficult, because cyan absorbs the red light region and emits
the blue and green regions. To get the fluorescent effect, light is
absorbed first, and then a longer wavelength is emitted. Consequently,
to obtain fluorescent cyan ink, more red light has to be absorbed
and then blue and green light has to be emitted. But this contra
dicts the fluorescent phenomena, because a shorter wavelength has
to be emitted after absorption takes place. For this reason, good
fluorescent cyan ink is very hard to obtain.
In two-color overlaps, magenta-yellow patches give the highest
&E values, except for some patches that are printed by "G" set ink
on N.K. paper. AE value of cyan-magenta patches are smaller than that
of magenta patches, except for some samples printed by "G" set ink
on N.K. paper.
The A- E values of overprints seem to indicate that neither
fluorescent nor ordinary cyan inks are well made; in other words,
spectral distribution of cyan inks is not close to the ideal spectral
distribution for cyan inks. So a cyan ink layer appears to prevent
the light from reaching the magenta ink layer.
For cyan-yellow ink patches , yellow is printed after cyan is
printed. However, yellow ink is close to an ideal ink, so this ink
transmits the light to the cyan ink layer fairly well. Cyan ink
itself does not have big H\E values. AE values of cyan-yellow over
lap seem to be due mainly to AE value of yellow ink.
The cyan-yellow patch printed by mixed ink on N.K. paper shows
that AE value is greater than each single cyan and yellow patch.
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This indicates that perhaps there is an interaction among each color
of ink and also between inks and paper.
Every sample has a different inking level, and also the uni
formity of printing may not be consistent. So the above statements
are based on the samples that were available for this experiment. It
is suspected that if different samples were used, different A E
values would be obtained, but the above discussions would still hold
true .
Originally, the investigation of the effect of a fluorescent
brightening agent in papers in relation to fluorescence in inks was
planned. Because different kinds of papers have different physical
properties, it would be difficult to print the same ink film thickness
on different papers; therefore, it was hypothesized that if exactly
the same ink film thickness could be printed on different papers, the
effect of the paper's fluorescence could be determined. Otherwise,
it would be difficult to tell whether the difference is caused by
the effect of the paper, or by the different ink film thickness.
However, the experiment used the solid Neugebauer eight primaries.
3
According to Wilson , the darker ink film does not allow the light to
penetrate into the paper so well, and also it acts as an ultra-violet
filter; therefore, the solid ink printed on paper does not allow the
light to penetrate into paper, so the fluorescence in paper is not
excited to significant measurability. Consequently, it is hard to
determine the fluorescent effect of paper and inks, unless the amount
of fluorescence contained in papers and inks is large.
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Only the effect of the fluorescent brightening agent in papers was
investigated. Each of three types of ink samples were printed on the
same paper. So in other words, the same paper was measured three times,
The statistical technique called analysis of variance (ANOVA) was used
to analyze the results .
This ANOVA was run by two factors : one has two levels (one is
Mitsubishi paper, and the other is N.K. paper). The other has four
levels. (Both measurements were made twice, so the- total of four
results were computed.) And each has three replicates.
Table 9 is the summary ANOVA table, which indicates that there
is no visual difference between the amount of fluorescence in the
papers tested. However, there is a significant difference in the Z\E's
obtained from each set of results.
Under the ultra-violet source, there is a definite difference
between these two papers. Mitsubishi paper shows the effect of
fluorescence remarkably. But the ANOVA pointed out that there is no
visual difference under a D5000 source .
This seems to contradict the result of the investigation, by
4
Grum and Clapper . In their study the fluorescence agent in paper
produced color shift even in halftones printed on paper. So the
original spectrophotometric curves were checked. These are shown in
Figure 3 and Figure 4.
The spectrophotometric curves of Mitsubishi paper showed that
there is a 6% difference in 380 nanometer regions . Four hundred and
ten nanometer is the cross-over point of the fluorescence emittance
band and the absorption band. The fluorescence emittance band is from
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410 to 450 nanometer. So it has a range of 50 nanometer, and the
difference is about 2%.
The spectrophotometric curves of N.K. paper indicate that there
is an effect of fluorescence. Four hundred thirty nanometer seems to
be the cross-over point. There is roughly a 2% difference all over
the wave-length. It is hard to see the effect of fluorescence clearly.
However, the absolute effect of the fluorescence in Mitsubishi
paper is very small, and differences between the two modes of measure
ments in N.K. paper is about 2%. The excitation of the fluorescence
in Mitsubishi paper seems to occur mainly from the incidence flux
below 380 nanometer wavelength. An ultra-violet source has a strong
energy emission under 380 nanometer, but the D5000 simulator has little
energy emission in the ultra-violet region. So visual differences
between these two papers cannot be detected under the D5000 source.
Under the MacBeth D5000 illuminating booth, these two papers
do not seem different in terms of whiteness. The glossiness of paper
seems to be more apparent than the whiteness of paper.
For the appraisal of whiteness of paper, the use of ultra-violet
source is an inappropriate way of determining the effect of fluore
scence.
CIE 1960 UCS chromaticity coordinates of the Neugebauer primaries
of one set of data (monochromatic measurement were made on August 17,
and white light measurement were made on August 16) are shown in
Figure 5 through Figure 10. Also the chromaticity coordinates of
these Neugebauer primaries are shown in Appendix D.
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"G"
set ink shows just a little difference between these two
measurements. But mixed ink and fluorescent samples show that there
is a definite difference between these two modes of illumination.
Figures 5 through 10 represent the projected gamut only, because
the chromaticity points disregard the lightness factor. Fluorescent
ink samples measured by monochromatic illumination have a small
gamut . In all cases , white light measurement gives a larger gamut
than monochromatic measurement.
Also, the "G" set ink measured by monochromatic illumination has
a larger gamut than the fluorescence ink set measured by white light
illumination; in other words, the
"G"
set ink always has a larger
gamut than the fluorescent ink set.
As long as ordinary ink sets are measured by monochromatic
illumination, valid spectrophotometric data are obtained. White light
illumination has to be used to obtain valid spectrophotometric data
when fluorescent ink sets are measured. However, even ordinary ink
sets printed on paper contain some fluorescent material, so some
difference is detectable by the two modes of illumination. The mean
AE values for the computed 125 color combinations was greater than
1.0. One AE unit is the just noticeable difference, or in other
words, the commercially acceptable difference for a color match. There
fore, those trying to get valid spectrophotometric data should bear
in mind these differences. For example, whenever the Neugebauer
equations are used to calculate the tristimulus values of halftone prints ,
it is necessary to know whether any of the Neugebauer primaries fluoresce
38
or not. If this is the case, white light measurement is an appropriate
method of determining the tristimulus values of the Neugebauer primaries,
39
FOOTNOTES FOR CHAPTER FOUR
1. W.S. Stiles and G. Wyszecki, Color Science, (New York: John
Wiley and Sons, Inc., 1967), p. 468.
2. M. Kawakami, Basic Knowledge of Color, (Tokyo, Japan Standard
ization Association, 1967), p. 86. Note: This book is
written in the Japanese language.
3. CM. Wilson, "The Influence of Paper in Color Reproduction",
Printing Technology, Vol. 12, No. 2 (December 1967), pp.
121-126.
4. F. Grum and F. Clapper, "Effect of Illumination and Fluorescence
in Paper Stock on Color Reproduction", TAPPI, Vol. 52, No. 7,
(July 1969), pp. 1352-1355.
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CHAPTER FIVE
SUGGESTIONS FOR FURTHER WORK
In this investigation, the filtered xenon lamp, which is the
D5000 simulator, was used as a white light source. The effect of the
fluorescence depends on the energy distribution of the light source.
D5000 is the established light source for the graphic arts industry.
However, incandescent lamps are widely used in many cases, and
also CIE illuminant C is also a widely used standard light source.
CIE illuminant A, B, and C can be used as white light sources
for the white light measurement.
These different types of light sources may indicate some in
teresting results by using the same procedures as those used in this
experiment .
As stated in Chapter Four, a definite difference exists between
the two modes of illumination for the fluorescent samples. Even for
the samples that are printed by Toyo Ink "G" set ink, A E of about 1
was computed. If the order of printing were changed, that is, if
yellow were printed first and cyan printed last, it is suspected
that a smaller A E value may be obtained. If cyan were printed first
and magenta printed last, a larger AE value may be obtained.
Time interval between the measurements might have changed the
physical characteristics, such as setting of inks on papers or fading
of the samples. This is indicated by the spectrophotometric curves.
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The effect of these changes in relation to A E values may also be a
valuable study.
In this investigation, all the samples were printed by the
offset lithographic process. Samples prepared by other processes,
such as letterpress and gravure, may reveal some different results.
42
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APPENDIX A
THE D5000 SIMULATOR
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When printed color is checked, or compared, the incident il
luminant has to be specified to get consistent appraisal. Several
standard illuminants have been authorized by CIE. These are the
standard illuminant A (equivalent to incandescent lamp light) , B
(equivalent to direct sunlight) , and C (equivalent to light of over
cast sky) , as well as the illuminant D, which are the reconstituted
daylight energy distributions .
Standard light is determined for particular purposes. There is
no one standard light that can be used for all purposes.
In the graphic arts industry, the standard viewing condition is
2
prescribed by the American National Standard Institute . In the press
room, it is very difficult to see the yellow printer, so a more
blueish light is useful. That is D7500, which has a correlated color
temperature of
7500
K, and has a reconstituted daylight energy
distribution. This is used to check the register and printing quality
in the press room and, therefore, this is the standard viewing con
dition for color uniformity in the graphic arts .
The graphic arts standard illumination is also used when the
appraisal of color quality is required. It is also desirable for
fluorescent spectrophotometry, because the effect of fluorescence
depends on the spectral energy distribution of the illuminant. The
relative spectral power distribution of the graphic arts standard
illumination should be the same as CIE daylight illuminant D5000.
It should have a correlated color temperature of 5000 K, and the CIE
chromaticity coordinates of x = .3457 and y = .3586,
46
Conversion of D6500 from several different light sources is
published in TAPPI, Vol. 52, No. 7 (July 1970). The conversion of
CIE illuminant A to D6500 is often done for computational purposes .
D5000 has to be made by converting some energy source by using a
combination of the filters; however, CIE has not yet authorized
conversion methods to obtain D5000 from any light source presently
available.
In general, the energy distribution of the xenon light is similar
to the D5000 energy distribution.
To match a required energy distribution by putting a filter with
the light source, the following relation has to be maintained for all
wavelengths :
V = Ev x TK
Ex' : required energy distribution
E>^ : energy distribution of the light source
Tx. : transmission characteristics of the filter
In this case,
EK' is the D5000, Ex is the energy distribution
of the xenon arc lamp. So the required filter that has to satisfy
this relation for all the wavelength is TK . After the Ex and
E^'
are clearly defined, Tx has to be calculated in the required wave
length region.
Tx " Ex '/EX
This Tx is the filter transmission characteristic required to
get D5000 from the xenon light source. Figure 11 shows the Tx
that converts a xenon lamp to D5000. The xenon lamp has a fairly
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strong energy emission, so the use of a glass filter is preferable
in order to minimize filter fading as much as possible. Before
determining the filter, however, the energy distribution of the
xenon light source has to be determined.
The energy distribution of the xenon arc lamp is considered to
be fairly constant, regardless of the manufacturer. Comparison be
tween several lamps were made. The energy distribution of the xenon
3
lamp shown in Color Science is a typical one. Also, the data on a
4
xenon arc is available in TAPPI . Other data were obtained from the
Eastmen Kodak Company laboratories . A comparison of the data from
these three sources reveals that the energy distributions are not
similar. All of these are shown in Figure 12. Also the colorimetric
properties of the three sources are shown in Table 10.
Table 10 . Colorimetric Properties of Bare Xenon Sources
X Y Z x y
PEK75 (TAPPI) 100.28 100.00 104.48 .3291 .3281
PEK75 (Kodak) 99.55 100.00 104.92 .3260 .3774
Color Science 100.58 100.00 116.64 .3171 .3152
But there are several factors that have to be taken into account
when this comparison is made. In practice, every xenon lamp has a
different spectral energy distribution, depending on how it has been
used. So it is not easy to determine one typical energy distribution.
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Consequently, the best way was to measure the energy distribution of
the xenon lamp that was used for the experiment.
There are two ways to measure the energy distribution of the
light source. One is the absolute measurement, and the other is the
relative measurement. Both types of measurement were tried.
Absolute measurement of the energy distribution of a light source
is not easy to obtain unless the appropriate instruments are avail
able.
In trying to get the instrument response of the spectrophotometer,
a radiometer, in conjunction with the monochrometer section of the
spectrophotometer, was used. For this measurement, the slit width
5
had to be changed to keep the half-band width constant . The sensi
tivity of the radiometer was not enough for the output beam of the
spectrophotometer. So the data from the radiometer was not valid in
terms of energy measurements.
The use of the spectroradiometer is the best method of measure
ment. However, a spectroradiometer was not available for this
experiment. The available Beckman DK-2 spectrophotometer was used
as a spectroradiometer by changing the geometry of the instrument.
There was a photometric standard lamp available which had a cali
brated energy distribution. In order to determine the energy dis
tribution of the xenon lamp, the spectrophotometer was operated in
the energy mode with BaSO, references for both the sample and the
standard exit ports. The spectrophotometric curve obtained by this
geometry represents the combination of the energy distribution of the
light source, the sensitivity of the photomultiplier, optical
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characteristics of the instruments, and experimental errors.
The energy distribution of the standard lamp was known, so the
rest of the factor could be derived:
SK = EX PK 0K RK
Sx
Ex
Px
\
Rj
obtained total characteristics with the photometric lamp
energy distribution of the photometric lamp
sensitivity of the photomultiplier
optical characteristics of the instrument
experimental errors
Using the same geometry, the spectrophotometric curve of the xenon
light source was measured. Thus all the experimental conditions were
kept the same. So the energy distribution of the xenon light source
was derived.
S'x = E^ PK 0K RX
S x, : obtained instrument response with the xenon lamp
E'x : energy distribution of the xenon light
Pk > x R>- are tlie same for botl1 curves, and Ex , S^ , S'K
were known. So E^ , the energy distribution of the xenon lamp, was
derived .
E'x = Ex S>J /SX
For searching for the filter, Tx= E>^ /El , the AE of the
(U',V',W) system between D5000 and the filtered xenon lamp was com
puted for a number of combinations.
If only a match in appearance were required, only the tristimulus
values (X, Y, Z) of the light source D5000 and the tristimulus values
of the combination xenon lamp and filters, would have to match.
52
In this case, it was not necessary to match the Ex of D5000 and
E'x x Tx > but only the tristimulus values. However, for a D5000
simulator the energy distribution of the D5000 simulator must match
that of D5000 as closely as possible.
American National Standard Institute suggests the tolerance of
D5000 chromaticity coordinates. The chromaticity coordinates of the
simulated D5000 should be within the four points of (x = .3297, y =
.3373), (x = .3273, y = .3497), (x = .3596, y = .3770), (x = .3572,
y = .3612) as plotted on the CIE chromaticity diagram. Also, the
general color rendering index must be between 90 and 100. This color
rendering index is determined by the calculation of the CIE 1960 Uni
form Color Scale chromaticity coordinates of the eight CIE color
6
rendering objects under the test illuminant and D5000 .
For the calculation of the general color index, the eight CIE
color rendering objects, or Munsell chips, were used. Munsell chips
are made of cast pigments. They have different physical character
istics than ink samples printed on paper. A color rendering
index based on the Neugebauer primaries was also calculated. These
types of calculations depend on the illuminant used to measure the
Neugebauer primaries. Consequently, the fluorescent samples were not
appropriate for the calculation of the color rendering index. The
sample used for the calculation of the color rendering index was the
one printed by ordinary inks. Two of Neugebauer primaries, white and
three color overprints, are not adequate for the calculation of the
color rendering index, because they are near neutrals. At any rate,
these samples had the same physical characteristics as the one used
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for the experiment. Also they covered the whole gamut of the color used
in this experiment. Table 11, Table 12, and Figure 13 show the UCS
chromaticity of CIE color rendering test objects and the Neugebauer
primaries .
If the same eight Munsell value samples could have been made by
a printing process , these would have been more appropriate samples
for the calculation of the color rendering index for this experiment .
Another way to test the match of D5000 and the-D5000 simulator
was the calculation of the correlated color temperature. Usually the
correlated color temperature is determined by the ratio of blue and
red, because the slope of the spectral energy distribution in the visual
region can be roughly converted to the correlated color temperature.
However, the correlated color temperature is determined as to the
nearest Planckian chromaticity in CIE 1960 UCS chromaticity diagram7.
As long as the energy distribution of the light source is contin
uous, and similar to the black body energy distribution, the correlated
color temperature is an appropriate criteria. However, in the case of
phosphorescence or fluorescence sources, or some disperse line spectrum
source , even if the correlated color temperature can be computed mathe
matically, it is not an effective criteria. Sometimes it even becomes
misleading. For example, under certain conditions, two different
sources, one continuous, the other discrete, look the same, but the
object illuminated by these sources does not look the same. In this
kind of extreme case, the correlated color temperature becomes
absolutely misleading.
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Table 11. CIE 1960 UCS Chromaticity Coordinates of Color Rendering
Objects (CIE Color Rendering Test Objects)
CIE
Munsell book :
Color Rendering Test Objects
notation u V
1 7.5 R 6/4 .2529 .3340
2 5 Y 6/4 .2301 .3497
3 5 GY 6/8 .1974 .3619
4 2.5 G 6/6 .1635 .3443
5 10 BG 6/4 .1714 -.3182
6 5 PB 6/8 .1818 .2938
7 2.5 P 6/8 .2230 .2973
8 10 P 6/8 .2499 .3090
Table 12. CIE 1960 UCS Chromaticity Coordinates of Color Rendering
Objects (Neugebauer Primaries)
Neugebauer Primaries ("G" Set Ink on N,.K. Paper)
Color u V
White .2093 .3265
Cyan .1284 .2584
Magenta .3643 .3122
Yellow .2236 .3656
Magenta & Yellow .3873 .3453
Cyan & Yellow .1134 .3517
Cyan & Magenta .2121 .2493
Cyan, Magenta & Yellow .2068 .3247
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By Robertson analysis , the correlated color temperature can be
calculated by knowing the spectral power distribution of the source.
However, in this paper, the graphical method7 was used to determine
the correlated color temperature, because the D5000 simulator has
approximately a 5000 k correlated color temperature, so the inter-
Q
polation of isotemperature line of (175 ^rd, 200 wrd) or (200 urd,
225 urd) of CIE 1960 UCS chromaticity diagram was done to obtain the
correlated color temperature of the D5000 simulator."
Spectral power distribution measurement by Beckman DK-2 was
done by taking the ratio between the xenon lamp and the photometric
standard lamp. At any rate, spectroradiometric measurement cannot
be expected to be accurate by more than ten percent.
In this procedure, the photometric standard lamp that was cali
brated was the usual incandescent lamp. So the short wavelength had
a very low energy level. Because the determination was done based on
this photometric standard lamp, inaccuracy in measurement of the
energy distribution of the photometric lamp seriously affected the
final result. The accuracy at the shorter wavelength is less than
that at other regions .
The stability of the xenon lamp is not well known, and also the
variability of the each individual lamp is not clearly known. The
stability of PEK 75 is fairly consistent, and usually differences
caused could be due mainly to inaccuracy of measurement. However,
all of the energy distributions are fundamentally the same. Every
curve has a 470 nanometer peak, and the shapes are generally very close.
Accuracy of the measurement was not clearly known, and also the
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average of all the available data seemed to give one typical energy
distribution of the xenon lamp. For this calculation, the biggest
values and the smallest values were excluded.
The energy distribution of the PEK 75 (serial #IG-22) , which
was used in the simulator, was determined based on the average of two
measurements of both the photometric standard lamp and the xenon lamp.
However, this way of determining the energy distribution is not
so accurate. When the spectrophotometer is operated in the trans
mission mode, measurements are done against the reference, so the
change in characteristics of the photomultiplier does not affect
the measurement severely. But if the spectrophotometer is operated
in the energy mode, absolute measurement is done. Photomultipliers
tend to fatigue easily, and are not always stable. Ideally, the
photometric standard lamp and the xenon lamp should be measured simul
taneously to avoid the instability of the photomultiplier.
These three energy distributions of the xenon lamp (Color Science,
average of all the available data, and PEK 75 serial IG-22) were used
for the calculation of A E as well as the fitness of D5000 .
For searching for the filters, the A E of the (U',V',W') system
between D5000 and the filtered xenon lamp was computed. The smallest
AE was obtained when the Corning 3718 filter was used. This filter
is essentially a yellow filter.
Two thicknesses of Corning 3718 filters (one is 3.07 mm thickness,
and other is 1.05 mm thickness) were obtained. These were found
to fluoresce. Thus the transmittance of the filter cannot be correctly
measured by monochromatic illumination with the use of an integrating
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sphere. The use of white light illumination is necessary to get
accurate data. Both the conventional monochromatic measurement and
the white light measurements were made to get the spectral trans
mittance. The data published in the Corning catalog, and the data
supplied by Kodak were measured by monochromatic illumination.
Very often fluorescent materials are not stable for heat or
light energy, and they are apt to fade, consequently they become
less effective. However, it is believed that this filter is fairly
stable even for the existance of fluorescence. For this experiment,
as long as the stability of the filter was verified and the filter
transmittance was correctly measured, it did not matter whether the
filter fluoresced or not.
As long as the spectral transmission characteristics of the filter
were appropriately measured, they were valid for this experiment.
Both modes of illumination were tried to determine the difference
caused by fluorescence. The difference was under 3% in all the mea
sured wavelengths. These spectrophotometric curves indicate that
the fluorescence absorbing band is between 380 and 450 nanometer, and
the emittance band is approximately 510 to 560 nanometer. This is
shown in Figure 14. The excitation of fluorescence depends on the
energy distribution of the light source. In this figure, the slight
effect of fluorescence was caused by the xenon lamp.
When the energy distributions of the xenon lamp were determined,
both a bare xenon lamp and a filtered lamp were measured. By dividing
the filtered xenon by the bare xenon lamp, the spectral transmittance
function was obtained. This spectral transmittance should be the
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same as the one which was measured by the transmission mode. However,
there was a difference between these two measurements.
There are several reasons that contribute to this difference.
1. Effect of Heat
When the spectrophotometer was run by the energy mode, the
filter was placed at the top of the integrating sphere, and was very
close to the xenon lamp (about two inches). However, when the measure
ment was done by the transmission mode, the filter was placed at the
entrance port of the integrating sphere. The incident light was first
put into the integrating sphere, and the light passed the filter.
Thus the distance between the filter and the xenon lamp was fairly long.
Therefore, the effect of the heat produced by the source was insigni
ficant. The temperature change may affect the transmittance charac
teristics of the filter. It is believed that the temperature was
not high enough to alter the spectral characteristics of the filter.
2. Difference in slit width
For the determination of the spectral transmittance of the filter
from the two energy mode measurements , the slit width was fixed in
0.10 millimeter. For the transmission mode, the effective band
path was changed to keep the energy output constant. These two
measurements were done by different slit widths . One was measured by
the slit width of equal energy output, and other was done by the
constant slit width.
3. Geometry difference
As already mentioned, the location of the filter was not the same.
Theoretically the light is reversible, so it should not be affected
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by the geometry of the instrument, but there may be an effect due
to the difference in optical geometry.
For the D5000 simulator, the filter was placed right above the
integrating sphere at the base of the xenon lamp housing. So some
portion of the irradiated light reflected from the surface of this
filter, and went into the integrating sphere.
Multiple-internal reflection inside the light housing occurred.
Thus the actual transmittance decreased. In other yrords , the density
of the filter increased. This is shown in Figure 15.
But when the filter was measured by the usual ratio mode,
the only light that passed through was from the integrating sphere
and no light passed through more than once. The transmission charac
teristics were measured without multiple-internal reflection.
Table 13 shows the comparison between D5000 and the D5000 sim
ulator with different combinations of xenon lamps and filter character
istics. The transmission characteristics of the filter used in this
calculation were those derived from energy mode measurements . Spectral
energy distributions of the D5000 simulators and D5000 are shown in
Figure 16 .
The 1931 CIE chromaticity coordinate points of combinations 1, 2,
and 3 are within the tolerance specified by the American National
Standard Institute. However, combinations 4 and 5 are not. As far as
the general color rendering index based on CIE objects is concerned, the
values of combinations 1, 2, and 3 are larger than 90. Only combina
tion 3 gives a value larger than 90 for both based on CIE objects and
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the Neugebauer primaries. A color rendering index based on the
Neugebauer primaries is very sensitive, because even though two of
the Neugebauer primaries are near neutrals, distance in chromaticity
diagram between D5000 and each Neugebauer primary is long.
Combinations 1, 2, and 3 are within 300 k tolerance in correlated
color temperature, and AE between 4.8 and 6.9.
To attain a more refined result, the use of an infra-red absorbing
filter or a weak yellow filter was required.
From Figure 16, the following facts are derived:
The 470 nanometer peak of a xenon lamp cannot be compensated for.
The only way to compensate for this is through the use of the very
narrow absorption band filter. However, this seems unnecessary and
also it is impractical.
Combinations 1, 2, and 3 can be used as the D5000 simulator.
Combination 4 and 5 do not quite satisfy the requirements of the D5000.
However, all of these computations are very critical and the results
change drastically with a small change in the energy distribution of
the xenon lamp and the filter transmission characteristics. Inaccuracy
in the energy measurements may have greater effect than the minor dif
ference in the data used for computations .
It is concluded that the combination of a xenon lamp and the
Corning 3718 filter become a reasonable D5000 simulator.
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APPENDIX B
FADING CHARACTERISTICS OF THE SAMPLES
68
The samples were very strongly irradiated when the white light
measurements were made. The strong irradiation may have caused the
fading of the sample. The fading characteristics were checked by
using the magenta ink samples, because usually magenta inks are apt
to fade most quickly. Under normal operation of the spectrophotometer,
samples are exposed to the light source for ten minutes or less. After
ten minutes irradiation of the D5000 simulator there was no change
in the ordinary magenta ink sample. However, there was a change in
the fluorescent magenta ink sample. Since fluorescent inks are known
to be less stable than ordinary inks, this result was reasonable. The
change in the spectrophotometric curves of the fluorescent ink sample
due to ten minutes irradiation of the D5000 simulator is shown in
Figure 17.
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APPENDIX C
REGRESSION ANALYSIS FOR AE
71
The mathematical relationship between AE obtained from mono
chromatic measurement and white light measurement, and percent dot
areas of cyan, magenta and yellow inks were determined by regression
analysis .
The mathematical models adopted were both a first degree equation
and a second degree equation.
First degree model:
AE = f (C, M, Y)
Second degree model:
2 2 2AE = g (C, M, Y, C , M , Y , CM, CY, MY)
The regression coefficients are shown in Table 14 to Table 25.
Table 14. Regression Coefficient for the First Degree Model
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Ink and Paper Mitsubishi Paper & "G" Set Ink
Date of Monochromatic
Measurement 4/11/72 4/11/72 8/17/72 8/17/72
Date of White
Measurement
Light
8/02/72 8/16/72 8/02/72 8/16/72
C -.249 -.593 .223 .129
M 1.945 1.837 .676 .374
Y -.873 -1.111 .337 .177
Intercept 1.362 1.568 .691 .796
Multiple
Correlation .761 .726 .695 .628
Mean Value of AE 1.774 1.635 1.310 1.136
Standard Deviation
of AE 1.001 1.089 .403 .245
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Table 15. Regression Coefficient for the First Degree Model
Ink and Paper
Date of Monochromatic
Measurement
Date of White Light
Measurement
Mitsubishi Paper & Mixed Set Ink
4/11/72 4/11/72 8/17/72 8/17/72
8/02/72 8/16/72 8/02/72 8/16/72
C
M
Y
-4.103 -6.953 -4.783 -4.797
7.454 10.113 7.987 7.620
1.061 -1.367 1.478 1.630
Intercept
Multiple
Correlation
Mean Value of AE
Standard Deviation
of AE
2.583 5.014 2.773 2.764
.894 .859 .876 .873
4.789 5.911 5.114 4.991
3.406 5.103 3.820 3.721
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Table 16. Regression Coefficient of the First Degree Model
Ink and Paper
Date of Monochromatic
Measurement
Date of White Light
Measurement
Mitsubishi Paper & Fluorescence Ink Set
4/11/72 4/11/72 8/17/72 8/17/72
8/02/72 8/16/72 8/02/72 8/16/72
C
M
Y
-10.239 -10.353 -13.117 -13.305
14.760 15.377 18.645 19.230
4.102 3.818 3.520 3.261
Intercept
Multiple
Correlation
Mean Value of A E
Standard Deviation
of AE
6.792 6.816 8.159 8.226
.871 .879 .863 .868
11.104 11.237 12.683 12.819
7.510 7.658 9.492 9.655
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Table 17- Regression Coefficient for the First Degree Model
Ink and Paper N.K. Paper & "G" Set Ink
Date of Monochromatic
Measurement 4/11/72 4/11/72 8/17/72 8/17/72
Date of White
Measurement
Light
8/02/72 8/16/72 8/02/72 8/16/72
C .752 .375 .758
M .871 .772 1.536 1.450
Y -.141 -.482 -.084 -.387
Intercept .491 .882 .551 .756
Multiple
Correlation .824 .704 .793 .799
Mean Value of A E 1.232 1.215 1.697 1.666
Standard Deviation
of AE .499 .496 .784 .741
Table 18. Regression Coefficient for the First Degree Model
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Ink and Paper
Date of Monochromatic
Measurement
Date of White Light
Measurement
N.K. Paper & Mixed Ink Set
4/11/72 4/11/72 8/17/72 8/17/72
8/02/72 8/16/72 8/02/72 8/16/72
C
M
Y
-2.853 -3.201 -3.491 -3.777
4.595 5.074 8.131 8.595
1.822 1.585 .429 .394
Intercept
Multiple
Correlation
Mean Value of A E
Standard Deviation
of AE
2.208 2.181 2.922 2.788
.802 .869 .827 .865
3.991 3.910 5.457 5.394
2.470 2.536 3.805 3.858
Table 19. Regression Coefficient for the First Degree Model
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Ink and Paper
Date of Monochromatic
Measurement
Date of White Light
Measurement
N.K. Paper & Fluorescent Ink Set
4/11/72 4/11/72 8/17/72 8/17/72
8/02/72 8/16/72 8/02/72 8/16/72
C
M
Y
-9.473 -10.558 -14.236 -14.856
13.052 14.159 18.743 19.633
3.891 3.764 2.922 2.650
Intercept
Multiple
Correlation
Mean Value of A E
Standard Deviation
of AE
7.613
7.087
7.262 9.245 8.982
.831 .875 .855 .881
11.348 10.945 12.960 12.696
7.329 9.846 9.978
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Table 20. Regression Coefficient for the Second Degree Model
Ink and Paper Mitsubishi Paper & "G" Set Ink
Date of Monochromatic
Measurement 4/11/72 4/11/72 8/17/72 8/17/72
Date of White--light
Measurement 8/02/72 8/16/72 8/02/72 8/16/72
C -.550 1.024 -.269 .066
M 2.874 3.527 1.082 .911
Y -1.696 -1.314 -.834 .009
c2
1.222 1.556 .272 .120
M2
1.558 1.643 .473 .343
Y2
.520 .684 .674 .452
CM -3.710 -3.976 -1.155 -.655
CY 1.869 1.727 1.594 .539
MY -1.264 -2.689 -.601 -1.107
Intercept .998 .819 .828 .605
Multiple Correlation .960 .961 .973 .983
Mean Value of AE 1.774 1.635 1.310 1.136
Standard Deviation
of AE 1.001 1.089 .403 .245
Table 21. Regression Coefficient for the Second Degree Model
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Ink and Paper Mitsubishi Paper & Mixed Ink Set
Date of Monochromatic
Measurement 4/11/72 4/11/72 8/17/72 8/17/72
Date of White-
Measurement
light
8/02/72 8/16/72 8/02/72 8/16/72
C .674 -2.786 .308 .252
M 5.756 13.027 5.284 5.060
Y 1.804 -.677 2.597 2.649
c2
-.536 .439 .415 .743
2
M 7.958 9.029 9.808 9.343
2
Y .717 .449 -.057 -.224
CM -9.041 -15.415 -11.551 -11.780
CY .560 6.192 .536 .194
MY -3.480 -8.471 -2.656 -1.786
Intercept .610 1.831 .625 .654
Multiple Correlation .994 .991 .996 .997
Mean Value of AE 4.789 5.911 5.114 4.991
Standard Deviation
of AE 3.406 5.103 3.820 3.721
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Table 22. Regression Coefficient for the Second Degree Model
Ink and Paper
Date of Monochromatic
Measurement
Date of White-light
Measurement
Intercept
Multiple Correlation
Mean Value of A E
Standard Deviation
of AE
Mitsubishi Paper & Fluorescent Ink Set
4/11/72 4/11/72 8/17/72 8/17/72
8/02/72 8/16/72 8/02/72 8/16/72
c 1.010 .909 .554 .406
M 13.579 13.734 16.602 16.951
Y 6.327 6.357 5.984 5.994
C2
-.597 -.473 1.128 1.259
M2
17.486 17.778 22.369 22.500
Y2
2.696 2.530 2.557 2.381
CM -22.035 -21.854 -30.105 -30.076
CY .734 .277 .506 .136
MY -10.575 -10.417 -10.547 -10.365
1.271 1.298
.993 .994
11.104 11.237
7.510 7.658
1.379
.992
12.683
9.492
1.418
.993
12.819
9.655
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Table 23. Regression Coefficient for the Second Degree Model
Ink and Paper
Date of Monochromatic
Measurement
N.K. Paper & "G" Set Ink
4/11/72 4/11/72 8/17/72 8/17/72
Date of White--light
Measurement 8/02/72 8/16/72 8/02/72 8/16/72
C
.501 .706 .036 -.236
M
.347 .552 -.034 -.341
Y -.544 -1.134 .262 -.228
C2
.405 .205 .618 .528
M2
1.345 1.088 2.275 2.113
Y2
.393 .357 1.035 1.083
CM -.985 -1.699 .863 1.385
CY .676 .628 -.492 -.453
MY -.657 -.038 -2.272 -2.031
Intercept .518 .811 .567 .947
Multiple Correlation .944 .875 .952 .965
Mean Value of AE 1.232 1.215 1.697 1.666
Standard Deviation
of AE .499 .496 .784 .741
Table 24. Regression Coefficient for the Second Degree Model
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Ink and Paper N.K. Paper & Mixed Ink Set
Date of Monochromatic
Measurement 4/11/72 4/11/72 8/17/72 8/17/72
Date of White-
Measurement
light
8/02/72 8/16/72 8/02/72 8/16/72
C .078 -.004 .690 .263
M 3.244 3.891 4.531 5.203
Y 3.255 2.855 2.822 2.780
C2
.770 .350 2.616 2.343
M2 7.298 6.378 11.628 10.545
Y2
-.209 -.352 2.387 1.914
CM -8.422 -7.826 -10.045 -9.238
CY 1.023 .731 -3.550 -3.531
MY -3.471 -2.566 -6.011 -5.069
Intercept .473 .563 .100 .179
Multiple Correlation .994 .996 .979 .984
Mean Value of AE 3.991 3.910 5.457 5.394
Standard Deviation
of AE 2.470 2.536 3.805 3.858
Table 25. Regression Coefficient for the Second Degree Model
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Ink and Paper
Date of Monochromatic
Measurement
N.K. Paper & Fluorescent Ink Set
4/11/72 4/11/72 8/17/72 8/17/72
Date of White-light
Measurement 8/02/72 8/16/72 8/02/72 8/16/72
C -.287 .512 -1.491 -.246
M 12.106 13.998 16.003 18.174
Y 7.668 6.779 5.134 4.092
c2
.222 -.854 1.433 .474
M2 18.973 16.301 24.412 21.053
Y2 1.505 2.420 2.009 2.855
CM -22.153 -20.920 -31.628 -30.381
CY 3.337 .490 3.291 .214
MY -13.902 -11.359 -11.715 -8.807
Intercept
Multiple Correlation
Mean Value of A E
Standard Deviation
of AE
2.021 1.548 2.709 2.287
.994 .994 .993
.992
11.348 10.945 12.960 12.696
7.087 7.329 9.846 9.978
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APPENDIX D
CIE 1960 UCS CHROMATICITY COORDINATES
OF THE NEUGEBAUER PRIMARIES
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APPENDIX E
THE SAMPLES
92
'G" Set Ink on Mitsubishi Paper
0
I -a 77 ;. 7.,-7,':a
I
Mixed Ink Set on Mitsubishi Paper
93
Fluorescent Ink Set on Mitsubishi Paper
'G" Set Ink on N.K. Paper
94
Mixed Ink Set on N.K. Paper
Fluorescent Ink Set on N.K. Paper
